Introduction
============

Lung cancer is prevalent worldwide and is the leading cause of cancer-related mortality ([@b1-etm-0-0-5286]). Non-small cell lung cancer (NSCLC) accounts for \>80% of all lung cancer cases ([@b1-etm-0-0-5286]--[@b3-etm-0-0-5286]). Furthermore, the prognosis of NSCLC is poor, with a 5-year survival rate of \<15% ([@b4-etm-0-0-5286]). Meanwhile, \>10% of patients with NSCLC are associated with epidermal growth factor receptor (EGFR) mutations ([@b5-etm-0-0-5286]).

Gemcitabine (GEMZ) is the first-line therapy against NSCLC that has been used for the past 10 years. Previous studies have demonstrated that it functions against NSCLC as a single agent ([@b6-etm-0-0-5286],[@b7-etm-0-0-5286]). Furthermore, studies have focused on investigating the potential effect of agent combination with GEMZ to enhance the anticancer efficacy in NSCLC patients ([@b8-etm-0-0-5286],[@b9-etm-0-0-5286]). However, cellular drug resistance is a major issue that often limits the efficacy of GEMZ chemotherapy ([@b10-etm-0-0-5286]). Therefore, an increased understanding of target therapy has revealed numerous potential therapeutic strategies, including combined GEMZ with carboplatin against NSCLC ([@b11-etm-0-0-5286]), combined GEMZ with abraxane against NSCLC ([@b12-etm-0-0-5286]) and combined piceatannol with GEMZ against NSCLC ([@b10-etm-0-0-5286]).

Trichosanthin (TCS) is a traditional Chinese medicine that is isolated from the root tuber of *Trichosanthes kirilowii* Maxim ([@b13-etm-0-0-5286]). It was reported that TCS has various pharmacological and physiological effects, including an anti-human influenza virus enzyme, inhibition of protein synthesis, neurotoxicity and anti-tumor activity ([@b14-etm-0-0-5286]--[@b19-etm-0-0-5286]). Additional studies have demonstrated that TCS may regulate numerous signaling pathways, such as mitogen-activated protein kinase family proteins, including p38, extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinases, proapoptotic protein B-cell lymphoma 2; and inflammation-related factors, including nuclear factor-κB (NF-κB), inhibitor of NF-κB, and cyclooxygenase-2 ([@b20-etm-0-0-5286]--[@b23-etm-0-0-5286]). Furthermore, TCS also possesses antitumor activity against the NSCLC A549 cell line ([@b24-etm-0-0-5286]).

The purpose of the present study was to investigate whether TCS could increase the antitumor effect and decrease drug resistance of GEMZ in NSCLC. A549 human NSCLC cells were used as a model and treated with a combination of GEMZ and TCS to assess cell viability and apoptosis, and to understand the underlying molecular mechanism.

Materials and methods
=====================

### Reagents

TCS and GEMZ were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany) with a purity of \>98%. Both drugs were dissolved in dimethylsulfoxide (DMSO) and diluted by Dulbecco\'s modified Eagles medium (DMEM; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), and the final concentration of DMSO was kept \<0.05% in the cell culture in order to have no detectable effects on cell growth and viability. MTT was purchased from Sigma-Aldrich (Merck KGaA). Insulin-like growth factor I (IGF1) was purchased from R&D Systems, Inc. (Minneapolis, MN, USA). All chemical reagents in the present study were of analytical reagent grade.

### Cells and culture

A549 cells were purchased from American Type Culture Collection (Manassas, VA, USA). The cells were cultured in DMEM supplemented with 10% fetal bovine serum, penicillin (10^5^ U/l) and streptomycin (100 mg/l) (Hyclone, Logan, UT, USA) in a humidified atmosphere of 37°C containing 5% CO~2~.

### MTT cell viability assay

A549 cells were plated at a density of 1×10^4^ cells/well into 96-well cell culture plates (Corning Incorporated, Corning, NY, USA) and cultured in a humidified atmosphere of 37°C containing 5% CO~2~ for 24 h. Next, the cells were treated with TCS (0--25 µM) for 24 h at 37°C, or cells were treated with different concentrations of GEMZ (0--10 µM), with or without 20 µM TCS for 24 h at 37°C. In total, 24 h later, the cells were rinsed twice using ice-cold PBS and incubated in 100 ml 0.5 mg/ml MTT solution for 3 h at room temperature. The crystal was dissolved in 150 µl DMSO and the optical density (A490 nm) was measured using a microplate reader. Finally, the cell inhibitory rate was calculated using the following formula: Inhibitory rate (%) = (A~490~DMSO-A~490~sample)/(A~490~DMSO -A~490~blank) ×100.

### Observation of morphological changes

The cells were cultured and treated with GEMZ (0--10 µM) with or without TCS (20 µM) for 48 h at 37°C, and the cellular morphology was observed using a phase contrast microscope (Olympus America, Inc., Center Valley, MA, USA) at magnification, ×400.

### Apoptosis measured by flow cytometry

Cell apoptosis was performed using an Annexin V/propidium iodide (PI) staining assay (Sigma-Aldrich; Merck KGaA). The cells were treated with 20 µM TCS, 2.23 µM GEMZ or a combination of both in 6-well plates for 48 h at room temperature. The cells were then lysed using cell lysis buffer (Cell Signaling Technology, Inc., Danvers, MA, USA) and centrifuged at 12,000 × g for 10 min at 4°C. Then the cells were washed with PBS three times. Subsequently, the cells were fixed in 70% ethanol overnight at room temperature and stained with a mixture of PI containing 20 µg/ml RNase (Sigma-Aldrich; Merck KGaA) at 37°C for 30 min. Finally, the cells were analyzed by flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA). Data were analyzed using FlowJo software version 10 (FlowJo LLC, Ashland, OR, USA).

### Western blot analysis

A549 cells were treated with 2.23 µM GEMZ combined with or without 20 µM TCS for 48 h at 37°C, or cells were pre-treated with 0.5 µM BMS-754807 for 24 h, then treated with GEMZ and TCS for 48 h at 37°C. Next, the adherent and floating cells were collected and centrifuged at 1,000 × g for 10 min at room temperature and lysed with radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Haimen, China) supplemented with phenylmethylsulfonyl fluoride (1 mM) for 30 min at 4°C. Secondly, the suspension was centrifuged at 12,000 × g for 10 min, and the supernatant was collected. The protein concentration was detected using a Bio-Rad protein assay reagent (cat no. 500-0001; Bio-Rad Laboratories, Inc., Hercules, CA, USA). Equal amounts (30 µg) of total protein were separated by 12% SDS-PAGE and transferred onto a Millipore Immobilon^®^-P Transfer Membrane (EMD Millipore, Billerica, MA, USA). The membranes were blocked with 3% bovine serum albumin (Sigma-Aldrich; Merck KGaA) for 30 min at room temperature. The membranes were incubated with primary antibodies against phosphorylated (p)-phosphoinositide 3-kinase (PI3K) p85 (\#4428), p-AKT (\#4060), p-ERK (\#4370), ERK (\#4695) and GAPDH (\#3683) for 2 h at room temperature. The primary antibodies were obtained from Cell Signaling Technology, Inc., and used at 1:1,000 dilution. Then, the membranes were incubated with HRP-linked secondary antibody (\#7075; 1:1,000 dilution, Cell Signaling Technology, Inc.) for 1 h at room temperature. The expression levels of target proteins were visualized by electrochemiluminescence (Thermo Fisher Scientific, Inc.). The densitometry of proteins was analyzed with Quantity One version 4.6.2 (Bio-Rad Laboratories, Inc.).

### Statistical analysis

To determine statistical significance between groups, all results and data were detected in at least three separate experiments. All data were analyzed using SPSS (version 13.0; SPSS, Inc., Chicago, IL, USA). Student\'s t-test was used to compare two groups and one way analysis of variance and Dunnett\'s post-hoc test was used to analyze multiple group comparisons. P\<0.05 was considered to indicate a statistically significant difference. All data were expressed as the mean ± standard deviation.

Results
=======

### TCS enhances the cytotoxicity of GEMZ

A549 cells were treated with different concentrations of TCS ranging between 0 and 25 µM. The results of the MTT assay demonstrated that TCS had no significant cell growth inhibitory effect on A549 cells ([Fig. 1A](#f1-etm-0-0-5286){ref-type="fig"}). However, the MTT assay indicated that GEMZ suppressed A549 cell growth in a concentration-dependent manner ([Fig. 1B](#f1-etm-0-0-5286){ref-type="fig"}). Additionally, the half maximal inhibitory concentration for 48 h GEMZ treatment was 2.23 µM. Since treatment with TCS alone had no toxicity, a higher dose of 20 µM was selected as a combination strategy. The results indicated that the inhibitory effect on cell viability of different concentrations of GEMZ was significantly enhanced when cells were treated with 0.3 (P\<0.05), 1 (P\<0.01) or 3 µM (P\<0.01) GEMZ combined with 20 µM TCS compared with the use of GEMZ alone ([Fig. 1B](#f1-etm-0-0-5286){ref-type="fig"}). The results of the changes in cell morphology were consistent with the cell viability assay ([Fig. 1C](#f1-etm-0-0-5286){ref-type="fig"}). These data indicated that TCS enhanced the cytotoxicity of GEMZ on NSCLC A549 cells. Since the combination of 20 µM TCS with 2.23 µM GEMZ had a marked cell growth inhibition effect with limited cell toxicity, it was used as a standard combination strategy in the following studies.

### TCS increases GEMZ-induced apoptosis in A549 cells

To evaluate the function of TCS combined with GEMZ in A549 cells, an annexin/PI staining flow cytometry assay was performed to detect the mechanism of cell death in A549 cells ([Fig. 2](#f2-etm-0-0-5286){ref-type="fig"}). The results revealed that GEMZ significantly induced apoptosis in A549 cells (P\<0.01 vs. TCS treatment alone). Combined treatment of GEMZ with TCS significantly increased the apoptosis rate of A549 compared with GEMZ treatment alone (P\<0.01). However, TCS treatment on its own did not induce apoptosis, which was consistent with the cell cytotoxic assay. The results revealed that TCS enhanced cell death induced by GEMZ by inducing A549 cell apoptosis.

### Combination treatment of GEMZ with TCS suppresses the PI3K pathway in A549 cells

To further detect the underlying mechanism of combination therapy of TCS and GEMZ, western blot analysis was performed. The PI3K/AKT pathway is a classical signaling pathway involved in cell death, tumor progression, survival, metabolism, metastasis and drug resistance ([@b25-etm-0-0-5286]). Western blot analysis revealed that the expression level of p-AKT was significantly lower in cells treated with combination treatment of TCS and GEMZ when compared with those treated with GEMZ alone (P\<0.05; [Fig. 3](#f3-etm-0-0-5286){ref-type="fig"}). However, the levels of p-P3K p85 and p-ERK were not significantly altered. Therefore, the results indicated that PI3K signaling may be involved in TCS-enhanced GEMZ-induced cell death and apoptosis.

### TCS combined with GEMZ suppresses the PI3K pathway

Insulin is able to stimulate the activation of PI3K signaling, which is involved in tumor cell survival, cell growth and proliferation ([@b25-etm-0-0-5286]--[@b28-etm-0-0-5286]). In order to validate that IGF pathway was involved in the effects of TCS and GEMZ combination treatment in A549 cells, IGF1 (5 ng/ml) was used. The cell viability assay revealed that following pretreatment with IGF1, the inhibitory rate decreased compared with combination therapy of TCS and GEMZ (P\<0.05; [Fig. 4A](#f4-etm-0-0-5286){ref-type="fig"}). Furthermore, the expression levels of p-PI3K p85 and p-AKT were increased upon addition of IGF1 compared with combination therapy of TCS and GEMZ ([Fig. 4B](#f4-etm-0-0-5286){ref-type="fig"}). The results indicated that in A549 cells, the PI3K/AKT pathway was suppressed when combination treated with TCS and GEMZ, and it was hypothesized that TCS may enhance GEMZ exerting its pharmacological effects by regulating the level of insulin.

Discussion
==========

In recent studies, researchers have aimed to identify the potential targets of GEMZ as well as the identification of potential agents that may be used in combination with GEMZ chemotherapy ([@b10-etm-0-0-5286],[@b12-etm-0-0-5286]). It has been previously reported that dihydroartemisinin combined with GEMZ has a synergistic interaction in A549 cells to induce apoptosis ([@b29-etm-0-0-5286]), and GEMZ and sorafenib has synergistic interaction in A549 cells to inhibit epidermal growth factor receptor-tyrosine kinase inhibitor (EGFR-TKI)-sensitive and EGFR-TKI-resistant NSCLC ([@b30-etm-0-0-5286]). Furthermore, piceatannol enhances the antitumor efficacy of GEMZ in A549 cells ([@b10-etm-0-0-5286]). In the present study, the potential effects and underlying mechanisms of combination therapy of GEMZ and TCS were investigated in A549 cells. It was demonstrated that in the A549 cell line, TCS enhanced the antitumor effects of GEMZ. Additionally, the combination treatment resulted in a significant increase in the apoptotic cell population compared with GEMZ treatment only.

The PI3K/AKT pathway is a canonical signaling pathway involved in proliferation, metabolism, protein synthesis and cell survival ([@b25-etm-0-0-5286]). It was also reported that the PI3K/AKT pathway was involved in cell apoptosis in numerous cell lines ([@b31-etm-0-0-5286]--[@b33-etm-0-0-5286]), such as lung cancer cell lines ([@b34-etm-0-0-5286]). In addition, a study by Mu *et al* ([@b35-etm-0-0-5286]) reported that GEMZ had antitumor effects in pancreatic cancer by regulating the PI3K/AKT pathway. With this in mind, the potential role of the PI3K/AKT pathway in mediating the enhancing effects of TCS on GEMZ-induced cell death was investigated in the present study. The present study revealed that TCS treatment resulted in an evident increase of apoptosis in GEMZ-treated A549 cells, and this was associated with significant downregulation of the PI3K/AKT pathway. However, the expression levels of ERK were not significantly altered. This suggests that ERK may not be involved in the cell apoptosis of A549 cells induced by GEMZ and TCS combination therapy. Then, the upstream factors of the PI3K/AKT pathway were evaluated using IGF1. Insulin signaling employs the kinase-linked cascades of PI3K/AKT and ERK ([@b36-etm-0-0-5286],[@b37-etm-0-0-5286]). Furthermore, IGF1 may mediate apoptosis and cell survival by regulating the PI3K-AKT pathway ([@b38-etm-0-0-5286]). In the present study, following addition of IGF1, the inhibitory rate was decreased compared with the GEMZ + TCS group, which was consistent with the results of the western blot analysis. Additionally, these results further confirmed the hypothesis that TCS exerted its synergistic pharmacological effect in GEMZ-treated NSCLC via inhibition of the PI3K/AKT pathway.

Drug resistance is a major problem for treatment with GEMZ. A large number of studies have indicated that PI3K/AKT signaling is involved in chemotherapy drug sensitivity or drug resistance ([@b39-etm-0-0-5286]--[@b41-etm-0-0-5286]). In the present study, TCS enhanced GEMZ to suppress the expression level of PI3K and AKT, and thus it may be hypothesized that, on one hand, TCS enhances GEMZ-induced apoptosis via regulating the PI3K/AKT pathway; and on the other hand, TCS combined with GEMZ could reduce drug resistance via the PI3K/AKT pathway. However this hypothesis requires further investigation. Various clinical research ranging between phase I and III trails have focused on combination therapy of GEMZ with insulin inhibitors ([@b42-etm-0-0-5286],[@b43-etm-0-0-5286]) in order to reduce GEMZ chemoresistance. Insulin has been demonstrated to be capable of regulating PI3K/AKT activity ([@b43-etm-0-0-5286]). This may indicate that TCS combined with GEMZ could not only induce apoptosis via PI3K/AKT signaling, but also reduce GEMZ-resistance in A549 cells via this signaling.

In conclusion, the present study demonstrated that TCS was capable of significantly enhancing the cytotoxic and apoptotic effects of GEMZ in A549 NSCLC cells via regulating the PI3K/AKT pathway. These results may provide a potential rational basis for a combination strategy for chemotherapy treatment of NSCLC.

![Effect of GEMZ and TCS on NSCLC A549 cells. Following the indicated treatment of (A) TCS or (B) GEMZ or combination treatment with GEMZ and TCS, the inhibitory rate was assessed by MTT assay. (C) Morphological changes of A549 cells were observed (magnification, ×200). Results are expressed as the mean ± standard deviation for more than three independent experiments. TCS, trichosanthin; GEMZ, gemcitabine; DMSO, dimethyl sulfoxide. ^\#^P\<0.05, ^\#\#^P\<0.01 vs. GEMZ treatment group.](etm-14-06-5767-g00){#f1-etm-0-0-5286}

![Effect of TCS on GEMZ-induced apoptosis in A549 cells. (A) PI staining flow cytometric analysis was used to determine the effect of TCS and/or GEMZ on apoptosis. (B) Quantification of PI-positive cells. Results are expressed as the mean ± standard deviation for more than three independent experiments. \*\*P\<0.01 vs. DMSO group; ^\#\#^P\<0.01 vs. GEMZ treatment group. TCS, trichosanthin; GEMZ, gemcitabine; PI, propidium iodide.](etm-14-06-5767-g01){#f2-etm-0-0-5286}

![PI3K-AKT signaling pathway is involved in TCS- and GEMZ-induced cell death. (A) Expression of p-PI3K p85, p-AKT, p-ERK, ERK and GAPDH were analyzed by western blot analysis. (B) Densitometry analysis of the bands was detected using Bio-Rad software. Results are expressed as the mean ± standard deviation for more than three independent experiments. \*P\<0.05, \*\*P\<0.01 vs. DMSO group; ^\#^P\<0.05 vs. GEMZ treatment group. TCS, trichosanthin; GEMZ, gemcitabine; PI3K, phosphoinositide 3-kinase.](etm-14-06-5767-g02){#f3-etm-0-0-5286}

![TCS and GEMZ suppressed the PI3K pathway by inhibiting the activity of IGF1. (A) Following the indicated treatment of TCS or GEMZ, combination treatment with GEMZ and TCS or pretreatment with IGF1 (5 ng/ml), the inhibitory rate was assessed by MTT assay. (B) Expression levels of p-PI3K p85, p-AKT and GAPDH were analyzed by western blot analysis. Results are expressed as the mean value ± standard deviation for more than three independent experiments, \*P\<0.05 as indicated. TCS, trichosanthin; GEMZ, gemcitabine; PI3K, phosphoinositide 3-kinase.](etm-14-06-5767-g03){#f4-etm-0-0-5286}
